AppendixG

Models of the Human Observer
There is now a significant body of literature that interprets human observer performance for imaging tasks in terms of Bayesian signal detection and statistical decision theory. Most of this work has treated problems of SKE/BKE detection and the discrimination of simple objects against uniform noise fields, corresponding to conditions used with test phantoms. More recent work begins to address aspects of parameter uncertainty which are more representative of clinical conditions.
Rose used an elementary model of signal detection to explain the general features of performance of electronic imaging devices and the human eye (e.g., Rose, 1973) . Lawson (1971) showed that the Rose model was a special case of the prewhitening matched filter. A more elaborate "detail signal-to-noise ratio" was developed by Schade (1964; 1975) to solve problems associated with motion picture and television image quality. This was applied to medical radiography by Wagner (1977b) and shown (Wagner, 1978) to be derivable from the non-prewhitening matched filter. Burgess et aZ. (1981) performed human observer detection and discrimination experiments in white noise and found human SNR2 to be between 0.5 and 0.8 of that of the prewhitening matched filter. As position and signal uncertainty were introduced, human performance was degraded, but the degradation was remarkably similar to that expected of the Bayesian decision maker (Burgess and Ghandeharian, 1984a; 1984b; Burgess, 1985) . The human observer was found to have an additive internal noise plus a component which is "induced" or proportional to external noise (Burgess and Colborne, 1988) . The latter component seems to account for most of the shortfall from ideal performance. Judy and Swennson found that human observers of CT images follow the NPWMF to within almost a factor of two, carry out discrimination tasks in a manner equivalent to detecting the difference images (Judy and Swennson, 1985; 1986) and perform as approximate Bayesians under location uncertainty (Judy and Swennson, 1981) . Loo et aZ. (1984) studied the correlation of human observer performance of a radiographic detection task with eight candidate models of the detection process. A very broad range of physical image characteristics and observing conditions was included. The NPWMF -modified to include a human visual transfer function -showed the highest correlation, followed closely by the NPWMF and the prewhitening matched filter. Models based on pixel variance correlated poorly with human performance. Ishida et aZ.
(1984) extended this work by incorporating into the modified NPWMF an additive source of human internal noise. This model has shown excellent predictive power in a study of radiographic contrast thresholds before and after film digitization and contrast-scale enhancement (Ishida et aZ., 1984) , as well as enhancement by unsharp masking (Loo et aZ., 1985) , using film as the final display medium. Similar success was shown when a DSA system was used as the acquisition system (Ohara et aZ., 1986) and either a cathoderay tube or film as the display medium. Finally, the observer model was demonstrated to maintain its predictive power for digital radiographic applications under conditions where finite sampling effects could not be neglected (Giger and Doi, 1987) . Related investigations have been carried out by deB elder et al.
(1971) and Wolf (1980). Myers et aZ. (1985) studied the human observer detection of low-contrast signals embedded in bandpass noise whose low-frequency behavior went as v n , for n = 1 to 4. For all of these tasks, the SNR of the PWMF was 10; measured human SNRs diminished from three to much less than unity as n was increased from one to four. However, the SNR calculated for the NPWMF was found to follow the same dependence as the measured human performance. Myers and Barrett (1987) introduced a handicapped PWMF, constrained to use a finite number of octave-wide frequency channels instead of the infinity of infinitesimal frequency channels available to the prewhitening matched filter. This "channelized" Bayesian observer then followed the performance oftheir human observers; it was indistinguishable, however, from the nonprewhitening matched filter.
A three-channel model of the human observer that fits within the envelope of the visual transfer function has been used to model human performance by Schnitzler (1976a; 1976b) with some success. This model used the maximum of the channel outputs, rather than the sum that results from the Bayesian analysis. However, many investigators have shown that, for the moderate to large SNR required for complicated tasks, it is very difficult to discriminate this "maximum of' decision maker from the optimal Bayesian (Nolte and Jaarsma, 1967; Pelli, 1985; Wagner et aZ., 1990b) . It is likely that attempts to refine such models will be very costly in task decision and human observer viewing time, especially since the visual channels are thought to correspond to retinal and cortical receptive fields, which can be called upon by the brain in highly selective ways depending on the task.
It has long been the goal of such investigations to incorporate the limits to signal detectability from the masking or camouflaging effects of a complicated background field. This is referred to as the "conspicuity" limitation (Revesz et af., 1974) . Two extremes of this effect include the relatively high-frequency content of the structure of a normal chest radiograph, and the "lumpiness," or the low-frequency correlations, found in almost all images, but most obvious in nuclear medicine studies. The goal of most subtraction imaging techniques is to remove this structure. In fact, contrast injection or timing sequences have been designed to display tumors and signals of interest with polarity opposite to that of the structure (Foley et af., 1983; 1987) with increase in tumor conspicuity and detectability (Seltzer et af., 1991) .
Barrett and colleagues have attempted to incorporate conspicuity effects into detection and decision analysis through the formalism of the optimal linear (Hotelling/Fisher) discriminant of statistical pattern recognition. This discriminant accounts for the masking effects of both the random noise as well as the structured background described in Section 5.3.3.1, but otherwise has the structure of the prewhitening matched filter. Fiete et af. (1987) found a very high correlation between the performance of this optimal linear discriminant and the human observer for the task of detecting lesions in simulated nuclear medicine liver studies. Rolland and Barrett (1992) introduced low-frequency structures or lumpiness to contribute to the masking of simulated lesions in white noise images and found the human observer to closely follow the performance of this Hotelling/Fisher discriminant. It is surprising that neither this algorithmic observer nor the human observer showed a "conspicuity" limit for infinite exposure time in this study. Also, in this investigation, the human was found to surpass the performance of the NPWMF (without a visual transfer function) for the first time in any such study. More recently, Yao and Barrett (1992) have extended the work of Rolland to show that the Hotelling model could predict human detection performance for images that had non-white noise in addition to the background uncertainty, provided the Hotelling observer was constrained to process data through frequency-selective channels. After summarizingthese and other related psychophysical studies, Barrett et af. (1993) suggest that the "chan-nelized Hotelling" model may be a useful model observer for the purpose of assessing and optimizing image quality with respect to simple detection tasks.
Studies of human detection performance for objects with statistically defined backgrounds of the same nature as those of Rolland and Y ao have also been performed by Burgess (1994) . He has found good agreement between his experimental results and an algorithmic observer that operates on the image first with a filter that models the frequency response of the eye, followed by a NPWMF for the signal. A crucial difference between this model and the chanellized Hotelling observer is that the Hotelling template is adaptive as exposure level or background character is adjusted, while the NPWMF-with-eye-response is not. Further studies are required to determine which of the two models is best for predicting human performance, especially the human's ability to adapt to the specifics of the task, for a wide range of tasks.
In summary, the NPWMF that incorporates a visual transfer function and a source of noise intrinsic to the observer remains a good candidate model for the human detection tasks. The NPWMF without a human transfer function has been ruled out for detection in the presence of a lumpy background. The PWMF has been ruled out for tasks with strong negative correlations in the noise (band-pass noise). Its generalization to the Hotelling/Fisher discriminant has been quite successful for tasks that include conspicuity limitations, if band-pass noise is excluded. Several models incorporating a finite number of channels, but otherwise performing Bayesian decision making, remain strong candidates. The internal noise of the eye-brain that leads to finite contrast thresholds for noise-free images seems to be a required component for any model intended for broad applicability.
While it appears difficult to find a refined model of human observer performance on displayed images that is consistent with all of the experimental data, several models perform well in limited applications and these are all based on straightforward modifications to Bayesian signal detection or discrimination strategies. The highest performer among these is the ideal observer, which for the SKE/BKE case considered here is the prewhitening matched filter. This provides an upper bound on the possible SNRs for that case and essentially characterizes the quality of the acquired data for performing that elementary task.
